Introduction
Wildfires may affect soil nutrients directly (e.g. heating) or indirectly (e.g. ash deposition) (Smithwick et al., 2005) . These effects are heterogeneous, determined by varying topographies, fuel amounts, environmental conditions, and present considerable variability at the small scale (Outeiro et al., 2008; Romero-Ruiz et al., 2010) . In the post-fire period, moreover, this spatial variability undergoes marked changes depending on the erosion agents present and the incorporation of ash into the soil profile (Outeiro et al., 2008) . In general, this irregular distribution of soil nutrients has a significant impact on the degree of vegetation recovery and landscape restoration after high-severity wildfires (Francos et al., 2016a) .
Mapping soil properties after a wildfire is crucial if we hope to identify the areas that have been most severely affected by fire and their capacity for recovery. To date, the majority of studies carried out in this regard have used remote sensing to analyse soil burning severity at the large scale (e.g. Kokaly et al., 2007; Robichaud et al., 2007) . However, a number of studies have sought to map the impact of fire on soil properties at the small scale in an effort to understand the more irregular effects of fire on soil properties. Thus, Gimeno-Garcia et al. (2004) mapped the spatial distribution of fire temperature and Outeiro et al. (2008) studied the spatio-temporal effects of a prescribed fire on extractable calcium (Ca), magnesium (Mg), sodium (Na) and potassium (K). Likewise, Pereira et al. (2015) investigated the spatial distribution of extractable aluminium and zinc, zero, two, five, seven and nine months after a low-severity grassland wildfire, and Rodriguez-Martín et al. (2013) observed the spatial pattern of several nitrogen and phosphorous (P) forms before and after a wildfire. Smithwick et al. (2012) mapped post-fire soil microbiology and Woods et al. (2007) assessed the spatial variability of soil water repellency after a wildfire. Other studies have focused on the smallscale spatial distribution of ash thickness (Pereira et al., 2013) , carbon and nitrogen (Pereira et al., 2012) and extractable nutrients (Pereira et al., 2017) . Despite the recognition of the importance of the spatial distribution of soil nutrients at the small scale, little is known about the impact of intense postfire rainfall events on these patterns. Such details are of considerable relevance because torrential rainfall can modify soil nutrient levels at the small scale (Outeiro et al., 2008; De Luis et al., 2013) and, in some environments, notably the Mediterranean, intense rainfall events are common (Pereira et al., 2010) .
Large numbers of variables are not readily analysed. However, multivariate statistical techniques, such as principal component analysis (PCA), can be extremely useful for understanding data complexity. More specifically, PCA seeks to reduce the number of variables to a small number of uncorrelated factors (or principal components), where each factor is composed of variables that are positively or negatively correlated (Golobocanin et al., 2004; Boruvka et al., 2005) . The results of a PCA can then be mapped to show the spatial variability of the factors extracted. Mapping PCA results has been widely used in soil research based on such geostatistical techniques (e.g. Bocchi et al., 2000; Batista et al., 2001; Facchinelli et al., 2001; Saby et al., 2009) and is useful for illustrating the spatial distribution of a group of variables associated with a given factor. To date, the use of this method in fire-affected soils is limited despite the fact that it should provide considerable insights into their effects on the spatial distribution of soil nutrients. Here, the objective of this study is to identify the impacts of wildfire on the relationships between the properties of fire-affected soils before and after an intense rainfall event, and to map them, using PCA and geostatistical methods.
Materials and Methods

Study area, experimental design and variables studied
The study area is located in the village of Colomers, Girona (42°05′17.6″ N -2°59′ 36.6″ E 38 m a.s.l.) in the North-East of the Iberian Peninsula. The wildfire broke out in the Camallera municipality on 12 November 2013 and burned a total area of 550 ha. The predominant vegetation of the forest area is Pinus halepensis Miller., Quercus ilex L. and Eucaliptus globulus Labill. that was completely combusted. The parent material of the burned site is composed principally of sedimentary rocks from the lower Bartonian and the soils are classified as Fluventic Haploxerept (Soil Survey Staff, 2014) . The climate of the study area is Mediterranean, with a mean annual temperature of 15ºC and an annual rainfall between 600 and 800 mm (Pacheco, 2010) . The environmental characteristics of the site are described in detail in Francos et al. (2016b) . Three days after the fire started, we designed an experimental plot with an area of 72 m 2 (18x4 m, comprising a grid with a 2m spacing between sampling points) with a slope of less than 1% in an area affected by a high-severity wildfire. The burned area was classified as high severity. Tree crown was completely combusted and the floor was covered by light grey and white ash (Úbeda et al., 2006; Pereira et al., 2012) . Before the first sampling the ash layer was removed. Three days after the fire end, an intense rainfall event occurred -163 mm of rain fell during 4 days, as recorded at the Bisbald'Empordà meteorological station (41°97′ N -03°04′ E. 29 m a.s.l.) -in the study area (Fig. 1) .
The second sampling campaign was carried out seven days after the fire, and the soil was bare. A total of 30 samples (0-5 cm deep) were collected per sampling date (Francos et al., 2016b) at the bottom of a gentle slope. In this study, we analysed aggregate stability (AS), total nitrogen (TN), soil organic matter (SOM), inorganic carbon (IC), C/N ratio, carbonates in % (CaCO 3 ), pH, electrical conductivity (EC), available P, and extractable Ca, Mg, Na and K. Laboratory analyses are described in Francos et al. (2016b) .
Statistical and spatial analyses
Before modelling, normal distribution was checked using the Shapiro-Wilk (SW) test. Data distribution was considered normal at p>0.05. Pearson correlations were performed to test the relationship between the variables. Differences were considered significant at p<0.05. PCAs were performed using the correlation matrix values and the varimax rotation method for each sampling date. The scores obtained from those factors that explained more than one variable were used in the spatial analysis. The spatial structure of the factors extracted was interpreted with a variogram. In fact, we used omni-directional variograms as the number of sampling points (30) was insufficient to detect the presence of anisotropy. According to Webster and Oliver (2007) , 150 data points are needed. Spatial dependence was assessed using the nugget:sill ratio. According to Chien et al. (1997) , a ratio below 25% indicates a variable with a strong spatial dependency, while a ratio between 25-75% is indicative of a moderate spatial dependency and a ratio greater than 75% of a weak dependency. Factor mapping was carried out using the ordinary kriging method. Statistical and spatial analyses were performed with SPSS 23.0 and Surfer 8 (Golden Software), respectively. 
Results and discussion
Descriptive statistics, correlations and PCA
The descriptive statistics for the elements studied are shown in Table 1 . On average, soil AS, pH, EC and extractable K all fell after the fire, while TN, SOM, IC, C/N, CaCO 3 , available P, extractable Ca, Mg and Na, increased. With the exceptions of AS and TN, the intense rainfall reduced the coefficient of variation (CV) of all the variables. Pearson correlation results are shown in Table 2 and highlight the significant positive correlations between TN and SOM. Moreover, EC is highly correlated with extractable K. After the intense rainfall event, TN presented high significant positive correlations with SOM and EC, and significant negative correlations with C/N and pH. Moreover, SOM presented significant positive correlations with EC and available P. A comparison of the two correlation tables shows that the intense rainfall event changed the relationship between certain elements. A better understanding of these changes is provided by the PCA.
The PCA carried out before the intense rainfall event explained 83.99% of the variance, while the PCA performed for the post-fire sampling explained 85.28% (Table 3) . Although these differences are not relevant, the way in which the variables are associated in the factors does differ. Thus, factor 1 in the PCA for the pre-intense rainfall event had high positive loadings on EC, available P, extractable Mg and K. This is in close agreement with previous studies that identified an increase in these elements with EC (Hernandez et al., 1997; Behera and Shukla, 2015) . For instance, extractable K is one of the main elements responsible for the increase in EC (Úbeda et al., 2009) . Factor 2 had high positive loadings on TN and SOM and high negative loadings on IC and CaCO 3 . The amounts of TN
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and SOM both decrease with temperature/severity, while the opposite occurs with IC and CaCO 3 , as observed in previous studies (Gonzalez-Perez et al., 2004; Úbeda et al., 2009; Dlapa et al., 2013) ; as such, this inverse relation is expected. Factor 3 had high negative loadings on AS and positive loadings on extractable Ca and Na. Soil aggregates can be destroyed in soils rich in extractable Na, which is known to be an effective dispersant (Mataix-Solera et al., 2011) . Previous studies reported that an increase in extractable Na reduces soil AS, as a consequence of clay dispersion (Badía and Martí, 2003; Mills and Fey, 2004) . In this context, we would expect AS and extractable Na to present an inverse relationship. Finally, factors 4 and 5 had high positive loadings on C/N and pH, respectively. Factor 1 in the PCA performed on samples collected after the intense rainfall event had high positive loadings on TN, SOM, EC, available P, extractable Mg and K, and a high negative loading on pH. This indicates that the presence of certain ions, especially available P and extractable Mg and K, was more dependent on the amount of SOM than they were in the pre-intense rainfall sampling. In addition, the reduction in pH (<8) was more suited to the dissolution of these elements . Despite this, pH was negatively correlated with EC, available P, extractable Mg and K. This can be attributed to the existence of pH values >8 that reduced the presence of P, Mg and K in solution, as a consequence of the retention and precipitation of P with the presence of CaCO 3 and the reduction in solubility of Mg and K at high pH and the existence of CaCO 3 (Pereira et al., 2012) . Factor 2 had high positive loadings on IC and CaCO 3 , while factor 3 had high positive loadings on extractable Ca and Na. The fall in the correlation between extractable Na and AS can be attributed to the marked increase in extractable Ca and Mg in relation to Na, reducing the saline cation dispersant capacity (Mahmoodabadi et al., 2013) . Factors 3 and 4 had high positive loadings on AS and C/N, respectively.
The PCAs confirmed the results of the Pearson correlation analyses, showing that the intense rainfall episode changed the relation between some of the soil variables. This is apparent from Figure  2 . This figure plots the relationship between factors 1 and 2 (the two factors explaining most of the variance) in both PCAs. In general, after the intense rainfall event, the association between the groups of variables was strengthened (dots appear closer together), especially in the cases of TN, SOM, EC, available P and extractable Mg and extractable Ca and AS. Extractable K increased its correlations with all elements, with the exception of EC. The fall in the correlation between EC and extractable K can be attributed to the great mobility of this element (Levula et al., 2000) , reducing its influence on soil EC. Correlations increased between extractable Na and C/N, extractable Ca and AS, and CaCO 3 and IC. There was a slight reduction in the correlation between extractable Na and AS. This would seem to confirm, as discussed above, that the relative increase in extractable Ca in relation to Na, and the high correlation between the bivalent cation with AS, resulted in the reduced impact of the saline cation. Previous studies noted that the presence of Ca contributes to soil structure (García-Orenes et al., 2005; Blankinship et al., 2016) . A slight decrease in the correlation between C/N and AS was also observed. This may be due to the incorporation of mineralized organic matter (low C/N) into the soil profile. Ash is a good cementing agent and may have reduced the impact of unmineralized organic matter (Bodi et al., 2014) .
Severe wildfires have been reported to increase the variability of soil properties as a consequence of direct effects (e.g. soil heating) (Inbar et al., 2014; Doerr et al., 2017) , and as observed in previous studies (Dodonov et al., 2014; Lombao et al., 2015) . Different types of fuel, pack, density, connectivity and moisture induce different conditions of combustion, heat release and, therefore, impacts on soil (Merino et al., 2015; López-Martín et al., 2016) . After the intense rainfall, we observed an increase in the relationship between certain variables and a reduction in spatial variability, which can be attributed to the decrease in the dispersion of the data values relative to the mean.
Figure 2. Relationship between factor 1 and factor 2. A) Before the intense rainfall event, and B) After the intense rainfall event. Aggregate stability (AS), total nitrogen (TN), soil organic matter (SOM), inorganic carbon (IC), C/N ratio, carbonates in % (CaCO 3 ), pH, electrical conductivity (EC), available phosphorus (P), extractable calcium (Ca), magnesium (Mg), sodium (Na) and potassium (K).
Spatial structure analysis
The variogram analysis of factors 1 and 2 in the PCA for the pre-intense rainfall event showed that the spatial variability of EC, available P, extractable Mg, K, TN, SOM, IC and CaCO 3 (factors 1 and 2) fitted better with the linear model, while AS, extractable Ca, Na and C/N (factors 3 and 4) presented a pure nugget effect. The spherical model provided the best fit for pH (factor 5). The spatial dependence of pH was weak (Table 4a, Fig 3) . For factors 1 and 2, we observed a spatial correlation across the whole study area. Indeed, a linear variogram is evidence that the factor 1 and 2 scores were spatially correlated in all the directions measured (Jeelani et al., 2017) . This means that if the spatial distance between two sampling points increases, the difference between the two values also increases (Cambardella et al., 1994) . On the other hand, the factor 3 and 4 variables did not show any spatial correlation. A nugget effect can be attributed to the small-scale variance, the limited number of samples and the existence of outliers (Oliver and Webster, 2014; Pereira et al., 2017) . In the current case, it might be attributed to the small-scale variance induced by the wildfire or the sampling resolution, despite the fact that the resolution employed herein was quite precise (2-m spacing between sampling points in an area of 18x4m). pH (factor 5) had a range of 5.7 m, making it higher than the sampling density, which shows that the sampling design was appropriate for describing the spatial variability of this factor. Bold numbers remark the properties that explained each factor. In the case of the PCA performed on the samples collected after the intense rainfall event, the linear model provided the best fit for all the variables (factors 1, 2, 3 and 4), with the exception of the C/N ratio (factor 5). The nugget:sill ratios showed that the spatial dependence of factor 5 was weak (Table 5a, Fig 4) . From these results, we observed that the spatial structure of some of the variables, including AS, extractable Ca, Na, C/N and pH, changed between the dates of analysis. The spatial correlations of AS, extractable Ca, Na and C/N increased, while that of pH decreased. Among the variables explained by factor 1 before and after the intense rainfall event (EC, available P, extractable Mg and K), there was a reduction in the spatial correlation. After the intense rainfall sampling period in no instances did we observe a pure "nugget effect", while in all the factors we observed a spatial correlation. This indicates that the precipitation induced a spatial pattern, albeit small in some cases, in all the variables studied. Our results are in line with those reported by Outeiro et al. (2008) , indicating that precipitation was a key factor in changing the spatial structure of soil properties after an episode of rain. The different spatial structure presented by the soil variables after the intense rainfall event can be attributed to three factors: 1) Impact of rain-splash on soil, which contributes to ash and soil detachment and transport (Jordan et al., 2016) ; 2) Different rates of ash infiltration and leaching of nutrients into soil profile (Pereira et al., 2013 ; and, 3) Soil and ash transport from the adjacent slope. Previous studies have observed a high rate of erosion after a fire and the deposition of ash and soil in flat areas (Novara et al., 2011; Shakesby et al., 2016) . Despite the increase in the spatial correlation, an increase was also recorded in the nugget effect (Table 5) pointing to an increase in small-scale variance, even though there was a slight decrease in the coefficient of variation in most of the variables. This effect has also been observed in previous studies, that is, a high coefficient of variation with a reduced nugget effect (Paz-Ferreiro et al., 2010; Al-Omran et al., 2013; Wang et al., 2014; Kurunc et al., 2016; Usowicz and Lipiec, 2017) . This can be attributed to the presence of high and low values in neighboring sampling points. Overall, the intense post-fire rainfall induces a complex change in the spatial structure of the variables studied. On both sampling dates, variograms reached the sill only in relation to factor 5 (pH and C/N). In both cases, the spatial dependence was very weak, showing that both fire and intense rainfall (extrinsic factors) influenced the spatial distribution of pH and C/N, respectively. 
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Factor maps
The maps produced using ordinary kriging interpolation are shown in Figure 5 . The spatial distribution of factor 1 (EC, available P, extractable Mg and K) in the PCA carried out on the samples collected before the intense rainfall event reveals a hotspot, where the variables explained by this factor have a high content (positive loadings, Table 4) (Fig. 5a ). This indicates that the direct impact of P A P E R A C C E P T E D . P R E -P R I N T V E R S I O N fire on the increase in elements explained by factor 1 was mainly observed in this specific area. Factor 2 (TN, SOM, CaCO 3 and IC) presented a more heterogeneous distribution; however, some patterns can be detected -notably, high loadings to the north of the area (high TN and SOM/low CaCO 3 and IC) and low loadings to the south (Fig. 5b) . Factors 3 and 4 (AS, extractable Ca, Na and C/N) presented a clearly heterogeneous distribution, with the existence of several hotspots. This random pattern was confirmed by the variogram analysis ( Fig. 5c and d ). In the case of factor 3, in those areas where levels of extractable Ca and Na were high, AS was low. The spatial distribution of factor 5 (pH) presents a quite specific pattern, recording high values in certain areas to the north and south of the area (Fig. 5e) . The factor maps (Fig. 6 ) plotted after the intense rainfall event show, in general, larger areas with high and low values. At the same time, what is also apparent is the presence of contiguous points with high and low values, which, as mentioned above, are responsible for the increase in small-scale variation and the nugget effect. Factor 1 (TN, SOM, pH, EC, available P, extractable Mg and K) had high loadings in some zones located to the west and east of the area (high TN, SOM, EC, available P, extractable Mg and K / low pH). A comparison of the map of factor 5 from the samples taken before the intense rainfall event (Fig. 5e ) and that of factor 1 from the post rainfall event (Fig. 6a) shows that the intense rainfall led to marked changes in the distribution of soil pH. Factor 2 (IC and CaCO 3 ) had high loadings in the south and east of the area (Fig. 6b) . Here, a comparison of the factor 2 maps from the pre-and post-intense rainfall PCAs shows that the spatial distribution of IC and CaCO 3 underwent marked changes. Factor 3 (extractable Ca and Na) also had high loadings in the south of the study area (Fig. 6c) , the opposite distribution to that observed for factor 3 in the pre-intense rainfall PCA (Fig.  5c ). Factor 4 (AS) also had higher loadings in the south of the area (Fig. 6d) , while factor 5 (C/N) had low loadings throughout most of the study area. Only one major hotspot was observed in the north (Fig. 6e) . A comparison of the pre-intense rainfall factor 4 ( Fig. 5d) with the post-intense rainfall factor 5 (Fig. 6e) shows a slightly different C/N spatial distribution, especially as regards the areas presenting high loadings. Overall, therefore, the intense rainfall event resulted in marked changes in the spatial distribution of the nutrients, being especially apparent in the cases of factors 2, 3 and 4 which account for IC, CaCO 3 , extractable Ca and Na and AS in the southern part of the study area. 
Conclusions
The intense rainfall event changed the relationship between the soil variables, causing some correlations to increase and others to fall. These changes were also reflected in the spatial structure of the factors extracted from the pre-and post-intense rainfall PCAs. In the pre-intense rainfall PCA, the best-fit variogram of factors 1 and 2 was provided by the linear model, while for factors 3 and 4 it was provided by the pure nugget effect and for factor 5 by the spherical model. In the post-intense rainfall event PCA, with the exception of factor 5, the linear variogram provided the best-fit for the rest of the factors extracted and also showed a spatial correlation. However, the nugget effect was also high in the post-intense rainfall variograms due to the high, small-scale variability. The spatial distribution of the variables after wildfire was different, especially as regards AS, pH, C/N, IC, CaCO 3 , extractable Ca and Na. All in all, this study has highlighted the importance of intense rainfall events for the spatial distribution of soil properties in fire-affected areas. Further studies are currently ongoing to determine the impact of extreme rainfall events on the spatial distribution of soil properties on slopes of different aspects. 
